The use of experimental design to study the responses of continuous devulcanization processes Sutanto, P.; Picchioni, F.; Janssen, L. P. B. M. Take-down policy If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately and investigate your claim. ABSTRACT: This paper presents the use of statistical analysis for studying the responses of two continuous devulcanization processes (of the EPDM roofing sheet and the EPDM profile) in the extruder. The response is represented by the reaction conversion, which is denoted as the relative decrease in crosslink density. Experimental design is considered as a useful tool when the kinetic data for the physical modeling are not available. The models derived show similar tendency of both processes with respect to the temperature and the screw speed. A difference is observed in their responses to the feed rate, which might be the consequence of their different devulcanization rates.
INTRODUCTION
EPDM is the fastest growing elastomer among the synthetic rubbers since its introduction in 1963. [1] [2] [3] [4] It represents 7% of the world rubber consumption and it is the most widely used nontire rubber. The main use of EPDM (over a third of its global output) 4 is in automotive applications such as profiles, hoses, and seals; in building and construction as profiles, roofing foil, and seals; in cable and wire as insulation and jacketing. EPDM is also used in blends with general-purpose rubbers to improve the ozone and weathering resistance in products such as in cover strips and thermoplastic material used for exterior automotive applications (bumpers and panels). 2 Contrary to the other rubber parts of cars, namely tires, EPDM rubber has received much less attention concerning the recycling issue.
Current researches on EPDM devulcanization have involved the use of an extruder. An investigation into the ultrasonic devulcanization of sulfur-cured EPDM rubber was conducted by Yun et al. [5] [6] [7] An ultrasonic device is mounted in the gap between the horn and the die plate of the extruder. The EPDM vulcanizate was loaded into the hopper. The extruder is in this case used to convey and compress the EPDM vulcanizate to the devulcanization zone. The ultrasonic treatment of the rubber occurred in the gap between the horn and the die plate of the reactor. Gap size and ultrasonic amplitude were processing parameters and had an influence on the degree of devulcanization. An increase of the ultrasonic amplitude and a decrease of the gap size increased the degree of devulcanization of EPDM.
Toyota developed a technology for continuously reclaiming EPDM rubber within a short time (10 min), using a twin screw reactive extruder. [8] [9] [10] [11] [12] The continuous devulcanization processing using the extruder was made possible by optimizing the various conditions, which include the reaction temperature, screw geometry, and rotational speed, and the amounts of additives such as devulcanizing agent and reclaiming oil.
The previous work of van Duin et al. 13 on the devulcanization agent for EPDM has shown the effectivity of amine. The devulcanization process at high temperatures is assumed to have a radical character, and amines might facilitate this reaction. It was also shown that the use of these amines reduced the crosslink density mainly by crosslink scission, producing revulcanizable rubber. 13 In this research, the use of shear is combined with the use of a-H aliphatic amines as devulcanizing agent to obtain revulcanizable EPDM rubbers. To achieve a feasible EPDM devulcanization, the process parameters in the extruder, such as the shear stress, the temperature, and the screw configuration, have to be optimized.
Experimental design is a useful tool to study the process response for a quick test when the kinetic data are not available. Since any reactions occur according to a particular kinetic equation or physical phenomenon, a process will follow certain tendencies. These tendencies are to be observed by the experimental design method, resulting in a statistical model showing the correlation between the input(s) and output(s).
Building an adequate model for an extrusion process requires knowledge of the reaction kinetics and physical properties of the material during its transport in the extruder. Deriving a kinetic model as has been discussed in our previous research 14, 15 and introducing it in the reactive extrusion system might be a laborious method for practical application. Therefore, another approach is adopted here, i.e., using the statistical analysis for studying the continuous devulcanization in the extruder.
METHODOLOGY
Considering the complexities in modeling the devulcanization process in the extruder, another approach was proposed. The extruder is considered as a black box as in Figure 1 , where the rubber feed rate, screw speed, and temperature are the only important input variables. The output of this black box is characterized by the degree of devulcanization, which can be calculated from its relative crosslink density.
Other operating parameters in the extruder such as residence time, heat transfer rate, shear force, reaction rate are included indirectly in the model, since their values are affected by the variables taken into account, i.e., the three input variables. The devulcanization of EPDM requires a devulcanizing agent, namely hexadecylamine (HDA) is used in this research. 13 Its concentration was varied for the roofing sheet material, but was set at its optimum for the profile material, i.e. 3 Â 10 À4 mol/g rubber (¼72.3 g HDA/kg rubber) according to the result from screening experiments. The use of higher concentration above this value is undesired in industrial application, due to the high cost.
It should be kept in mind that the model produced in this way is representative only in the ranges studied and therefore extrapolating the equation might lead to a large error. The statistical model is useful as a quick method in studying the influence and the significance of each of the parameters. Optimization of the process can then be done effectively by adjusting these significant parameters.
The strategy in designing the experiments for this statistical method is summarized as follows:
1. estimate which parameters might have a significant influence on the process, which can be done by doing screening experiments in a batch system; 2. design an experimental series containing all these parameters at several levels; 3. analyze the experimental results by means of analysis of variance (ANOVA) to determine whether the parameters studied and their interactions have a significant influence on the process; 4. derive a statistical model that can represent the behavior of the process in the range studied; 5. validate the model; 6. optimize the process within this range.
EXPERIMENTAL

Material and equipments
Two types of EPDM materials were examined, i.e., the production waste for building profile material and roofing sheet (both produced by Hertel B.V.). The building profile material contains Keltan 4703, 110 phr carbon black, and an accelerator/sulfur ratio of 8.6 : 1 (efficient-vulcanized); the roofing sheet contains Keltan 720, 73 phr carbon black, and an accelerator/sulfur ratio of 1.5 : 1 (semiefficient-vulcanized). Both materials were cut into crumbs of smaller than 1 cm using a rubber shredder.
The experimental setup for the devulcanization in the extruder is depicted in Figure 2 . The rubber crumb is fed to the corotating twin screw extruder by a hopper. The feed inlet is flushed by N 2 , preventing air coming into the extruder to minimize the oxidation reactions. The amine (HDA) is melted at 1008C and is fed as a liquid into the extruder. The rubber crumbs, oil, and amine pass through the mixing zone before entering the reaction zone. In the mixing zone, the kneading elements are mounted in a negative stagger angle to improve mixing. Negative staggered-mounted kneading section gives a negative transporting action, holding the material back to the feeding section until the pressure build up is high enough to overcome this. In the reaction zone, high shear rate and high devulcanization tem- Screw configuration is as such designed so that it provided enough time (10-20 min at the investigated flow rate) for the devulcanization to occur in the range of feed rates studied.
Samples were taken after a steady state is reached, which could be observed from steady pressure and temperature values. After steady conditions are reached, the sample can be taken after waiting for a certain time, which is the estimated residence time of the rubber in the extruder. The estimated residence time varies between experiments, depending on the feed rate and screw speed.
Analytical methods
Swelling test is used here as an indication of the degree of devulcanization. The test was conducted by swelling the sample in decaline, weighing the swollen sample, drying the sample in a vacuum oven, and weighing the dried sample consecutively. The crosslink density is subsequently calculated using Flory-Rehner equation. 16 
EPDM PROFILE MATERIAL Experimental design
Two-level factorial design 17 was applied here to find the effects of each input variable and/or the combinations of them on the degree of devulcanization. Three input variables were considered, namely the screw speed, rubber feed rate, and temperature.
The number of combinations needed for a full factorial design for three variables is 2 3 ¼ 8 experiments. The variables were set either to their high value or to their low value. The low value is coded as -1 and the high as 1 (Table I) . A total of 16 experiments were performed to test the eight combinations in duplo, which in turn reduces the error of the model.
When the design factors are quantitative, a model can be built in the following form:
where f 's are the coefficient of each factor or of their interactions.
Results and discussion
Analysis of variance
The results of the experiments are presented in Table II . Decrosslinking degree and HDA consumption are calculated as
It can be seen from the results that the decrosslinking degree varies between the combinations. ANOVA was made to see which factors play major roles in Figure 2 The extruder setup for the continuous devulcanization process. the process. The result of ANOVA on the degree of decrosslinking as the dependent variable is listed in Table III . As shown in Table III , the P-values of the flow, rpm, temperature, and rpm Â T interaction are lower than 0.005, confirming that their effects on the decrosslinking degree are significant; while that of the other (interaction), factors are negligible.
Regression model
Regression of eq. (1) was done in Statistica 1 and the equation constants are listed in Table IV for decrosslinking degree, containing only the significant factors.
The predicted decrosslinking degrees calculated by this model are plotted against the experimental observed values in Figure 3 , resulting in an R 2 value of 0.99. The R 2 value is an indication of the goodness of fit of the model; in this case, it shows that 99% of the variation in decrosslinking degree can be explained by the model. According to the model derived, the maximum degree of decrosslinking that can be achieved was found at the boundary of the range investigated, i.e., 3008C and 200 rpm, with a value of 80% decrosslinking degree.
From the model derived, a 3-D plot and a contour plot were prepared in Matlab 1 by setting the flow rate at a constant value of 3 kg/h. The flow rate is set at its low value since the decrosslinking degree is negatively influenced by the flow rate, according to the equation, and therefore, the maximum decrosslinking degree in the range studied is reached at the low setting of the flow rate.
The 3-D plot in Figure 4 shows the surface response of the model as a function of screw speed and temperature. The response does not show any peak/optimum point, but it shows a bend on the surface. By increasing the screw speed at low temperature, a significant increase of the conversion is observed, while increasing it at high temperature hardly affects the decrosslinking rate.
At high temperature, the effect of shear is less significant than at low temperature because of a rapid decrease of viscosity with the increase of temperature. The shear stress is a function of shear rate and viscosity; therefore, when the viscosity is lower, the change of shear stress with shear rate is less significant. For practical applications, a contour plot (Fig. 5 ) showing isolines is a useful tool to determine the operating conditions required to obtain a certain conversion. From this plot, the corresponding screw speed and temperature required to reach a certain degree of decrosslinking can be easily read.
Model validation
The next step of the statistical modeling is checking the predictive power of the model within the range studied and, if it is desired, the extensibility of the model. Figure 6 shows the validation results of the model derived. The diamond points are the results from experiments in the range studied (inside the boundaries in Table I ), while the square points (numbered) are from experiments done outside the boundaries studied. Table V shows the conditions of the experiments outside the flow rate boundary.
The error bars were calculated for 95% confidence interval, using the method described in the literature. 17 Most of the observed values fall within the 95% confidence interval, which shows that the model derived is quite adequate in predicting the expected conversion. The graph shows a nice agreement between the measured degrees of decrosslinking with the values calculated by the statistical model. This means that the surface response of the model is quite representative for the process studied.
EPDM ROOFING SHEET
The statistical method was also applied to another EPDM material, namely an EPDM roofing sheet material from Hertel B.V., to see if the process can also be represented by a statistical model in the range studied.
Experimental design
The result from the screening experiments on the roofing sheet material has shown that this rubber is much easier to devulcanize than the profile material. The roofing sheet is readily devulcanized at lower temperature, lower amine concentration, and within shorter residence time compared with the profile material.
Since there was an indication that lower amine concentration can also be used, which is an advantage from the economical point of view, the amine concentration was also varied and therefore four factors were considered in the full factorial design.
A statistical model in eq. (3) is built for the four input variables:
17 temperature (A), feed rate (B), amine concentration (C), and screw speed (D).
Degree of decrosslinking
The model was limited only to two-parameter interactions, since interactions of more than two parameters are not much useful in practice. The number of combinations needed for a full factorial design for four variables is 2 4 ¼ 16 experiments. The variables are set either to their high value (coded as 1) or low value (coded as -1) as listed in Table VI . A total of 32 experiments were performed to test the 16 combinations in duplo.
Results and discussion
Analysis of variance and regression model
Decrosslinking degree was calculated as in eq. (2). The ANOVA shows probability (P) values lower than 0.05% for all the main factors (T, Flow, HDA, and RPM), and the Flow Â HDA and Flow Â RPM interactions, which means that these factors are significant and they should be included in the model. Table VII lists the values of the coefficients in eq. (3) for the significant factors (according to the ANOVA), while Figure 7 shows the plot of the model-calculated values versus the observed values, resulting in an R 2 value of 0.96. According to this value, 96% of the variation in the decrosslinking degree can be explained by the model. In the range studied, the decrosslinking degree is dependent on all of the main factors. Again, the maximum decrosslinking degree was found at the boundary of the range investigated. A maximum conversion of 75.2% was obtained at 250 rpm, 2708C, 0.3 mol HDA/kg rubber, and 3 kg/h rubber flow rate.
Using the statistical model derived, various graphs can be plotted according to the process design requirements as in Figures 8-10 . Figure 8 shows the surface response at high flow rate (10 kg/h) and low HDA concentration ([HDA] ¼ 0.1 mol/kg rubber) to determine which temperature and rotation speed should be applied to obtain a certain degree of conversion (decrosslinking). These conditions apply when a high production capacity with a low material (HDA) cost is desired. A higher decrosslinking degree can be achieved by increasing the temperature, which agrees with the common tendency since a higher temperature provides more thermal energy to overcome the activation energy of the reaction. A high screw speed leads to a higher conversion as it provides higher shear stress, and consequently a higher mechanical energy to break the rubber network. Figure 9 shows the surface response as a function of screw speed and rubber feed rate, when the temperature is set at its low value (2308C) and low amine concentration is used (0.1 mol HDA/kg rubber). These conditions apply when low operating cost (low heat supply) and low material cost are desired. The surface response shows a nice result since the high conversion (decrosslinking degree) is obtained at high capacity (flow rate), which is an advantage Figure 8 Surface response of the model at high flow rate (10 kg/h) and low HDA concentration (0.1 mol HDA/kg rubber). for industrial purpose. The screw speed again indicates the shear rate applied, a higher shear rate results in a further network breakage (conversion). Figure 9 also shows that the effect of screw speed is more significant at low flow rate than at high flow rate, and that the conversion increases with the flow rate. Both the flow rate and the screw speed influence the specific mechanical energy (SME), which is the mechanical energy applied per material mass in the extruder. The SME is proportional to the shear rate and inversely proportional to the flow rate, 18 as defined in the following equation
where _ M is the mass flow rate and N is the screw speed. The equation for the torque is as follows:
where t is the shear stress and equal to m_ g for Newtonian liquid, and R is the radius of the screw. A in eq. (5) is the surface on which the shear stress is acting, which in case of an extrusion process is the barrel surface in the fully filled zone, and is calculated using the effective barrel diameter as described by Booy. 20 The L in eq. (5) is the fully filled length, where the shear takes place effectively, and its value is influenced by two factors: the ratio between the feed rate and the drag flow capacity (Q/Q D ), and the length of the pressure build up zone in the extruder end, which is also a function of feed rate Q. A larger value of Q thus results in a larger L. Thus, the flow rate affects the SME negatively (due to the larger _ M value) and positively (due to the larger L). In the case with this roofing sheet material, the latter seems to dominate over the former.
A bend on the surface response is observed when setting the screw speed at high value (250 rpm). The response at this condition and low temperature is showed in Figure 10 [HDA] will decrease the decrosslinking degree. This might be due to the competition between the mechanical and chemical breakage. Apparently, at high concentration of HDA, the chemical breakage plays the main role, which is caused by the higher chemical reaction rate at higher reactant concentrations for a nonzero kinetic order. The residence time at higher flow rate is lower, giving shorter time for the chemical reaction to take place. On the other hand, the mechanical breakage seems to play an important role at low concentration of HDA, especially when (almost) all of the HDA is consumed. This has been proven by the analysis on the HDA remaining in the rubber, which showed that there was almost no HDA left in the devulcanizate when low [HDA] was used. Hence, the conversion at this condition is then influenced by the SME, as has been discussed above.
Model validation
The next step of the statistical modeling is checking if the model can predict the decrosslinking degree at different settings, within the range studied (Table VIII) . Figure 11 
COMPARISONS OF THE TWO MODELS
In general, both models show a similar tendency regarding the temperature and shear rate effects: the conversion is higher at higher temperature and higher shear rate, which is in agreement with the devulcanization model derived in a batch setup.
14 A slight difference is observed in the effect of flow rate on the conversion. A lower flow rate results in a higher conversion in case of EPDM profile material, while the effect is the other way around with EPDM roofing sheet, except at high [HDA] as has been discussed above. This might be explained by the difference in the devulcanization rates of the two rubbers. As it has been observed, even during the screening experiments, the EPDM profile is more difficult to devulcanize. The devulcanization of EPDM profile requires more extreme conditions (higher temperature, longer time, and higher [HDA]) compared to that of the roofing sheet. Since the roofing sheet is much easier to be devulcanized, its melt/solid ratio in the extruder is expected to be higher than that of the EPDM profile. In case of EPDM profile, the rubber just starts melting in the end section of the extruder, while the rubber is still in solid form in most of the extruder length. This melt/solid ratio in the extruder affects the maximum drag capacity Q D , and in turn influences the degree of fill in the transporting elements, consequently L in eq. (5). The maximum drag capacity Q D for solid transport is calculated based on the assumption that the particles do not adhere to the channel walls and thus the velocity is equal to that of the screw flight in the axis direction, as given in the following equation
On the other hand, the drag capacity of the melt is calculated based on the assumption of laminar 
When the density of the material is similar in its solid and melt form, which is the case here, the Q D for the melt flow is thus about the half of that of the solid flow. Considering that L is proportional to the ratio of Q/Q D , the L in solid flow is thus less influenced by the flow rate Q when Q D is larger. The same effect also applies in the length of the pressure build up zone before the extruder die. Hence, the fully filled volume in the extruder is more affected by the flow rate in case of the EPDM roofing sheet devulcanization, while its value can nearly be assumed constant in case of EPDM profile material. Subsequently, the positive effect of the flow rate in case of the EPDM roofing sheet is significant, while that of the EPDM profile is negligible. The hypothesis above is supported by the collected torque data listed in Tables IX and X. The table  shows the torque value at similar temperature and rotation speed, at different flow rates. The table shows a negligible influence of flow rate on the torque for EPDM profile (calculated as % increase in torque divided by % increase in flow rate), while the influence is significant for EPDM roofing sheet.
CONCLUSIONS
The model obtained represents the data satisfactorily within the boundaries studied. Nevertheless, extending the model to predict the result of the process at points outside the boundaries needs extra attention.
Screening experiments and the knowledge of extrusion principles facilitate the understanding of the responses. The responses of the statistical models derived here can be nicely explained by general extruder theories and the knowledge of the influence of the involved parameters on the devulcanization.
The process responses of both EPDM materials studied here show similar tendency with temperature and screw speed (shear). Anyhow, as it has been shown here, the devulcanizations of different EPDM compounds might show different tendencies in their responses. When the material is easily devulcanized, the influence of flow rate on the degree of fill in the extruder (and hence, the conversion) is more significant, which can be explained by extrusion theory. 
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